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(i) ∆u + k2u = 0
y¨u
Ω \ σ
(ii) ∂nu = 0
~u
σ





f ∈ H 12 (∂Ω) ypIrz_aciy£c.uart9u k qc.ua~rzcPpIrz_c¯6£c0uAvb+¤Mc.xP«3^0_acg¯1cW¥¨¥¨·UM~pzcWauacWptpI~§rt_ay|pLaxt~¤a¥c.b y¨§
k2
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v ∈ H(Ω)  a¯_ac.xtc




























:= u+ − u− ~u Π ¯_ac.xtc u±(x) =
limε→0+ u(x ± εN̂)
§±~xa« c«
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Π = {x ∈ R3 ; x3 = 0}
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u+(x1, x2, x3) x ∈ V +,
u+(x1, x2,−x3) x ∈ V −,
¯_c.xtc
V + = {x ∈ V / x · N̂ > 0} u V − = {x ∈ V / x · N̂ < 0} «i¤o£oy~vpz¥¨n





















V0 ∩ σ 6= ∅u
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v(x) exp(iξ · x) dx §±~x¥¥ ξ ∈ R3, ξ · N̂ = 0.
5~x
θ ∈ C3  a¯c9qc uc
v(x; θ) = exp(iθ · x) x ∈ R3.
lqy¨bda¥c.¥.va¥rzy~up0pz_a~(¯¶rt_(r§±~x
θ
p³v_rz_ (r |θ| = k  v(·; θ) ∈ H(Ω) u


















y|pCTy£cWu *~u psr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c*r
ξ ∈ R3  ξ · N̂ = 0  auqc uc







θ(ξ) · θ(ξ) = k2 uCrz_acWxzc.§±~xtc v(·; θ(ξ)) ∈ H(Ω) «Ifip³yuaL:R <) A~uaccPpzy¨¥nC£c.xty cWprt_(r
RG(v(·; θ(ξ))) = −i
√
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I  ¢ c"xtp³r2ua~rty.c"rt_(r Λ(±N̂) = 0 p³yu*c RG(v(·; ϕ)) = 0 §±~x2¥¥ ϕ ⊥ N̂ «+eg~(¯¦ptpzvabdcrt_acgc.ºqyp³rzcWu*ci~§
θ̂ ∈ S p³v_ rz_r θ̂ 6= ±N̂ u  Λ(θ̂) = 0 « ¢ ciacWqv.cgrt_(r RG(v(·; ϕ)) = 0 §±~x¥¨¥
ϕ ∈ k S pzv_Zrt_(r ϕ · θ̂ = 0 «
E = {ϕ − (ϕ · N̂)N̂ ; ϕ ∈ kS; ϕ ⊥ θ̂} y|pu cW¥¨¥y¨ p³c .c.uArzcWxzcP¹r9rz_ac~xzyyu¹~§0bds~xºoy|p 2ku8bdy¨u~xgºoy|p
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Π
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γ = x · N̂ §±~x¥¨¥
x ∈ Π «
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RG 6= 0 









RG 6= 0  [u]
Π
6= 0 u F([u]
Π









θ ∈ k S pzv_rz_r






ξ = θ − (θ · N̂)N̂ u θ′ = ξ − (θ · N̂)N̂ «Lfgpzy¨ua3:R <1~uc9c*r
RG(v(·, θ)) = c exp(iγ(θ · N̂)) u RG(v(·, θ′)) = −c exp(−iγ(θ · N̂))
¯_c.xtc
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p  MyU« c«i¯_acWu
σ
y|pp³y¨rzvrzcP
yu§±xtc.cgpz*c« ¢ ci¯~va¥|d¥y¨Åcrz~" ~y¨uAr1~vqr)rt_acg¥yuaÅd¤ c.rs¯1cWc.u
RG
udrt_ac§ x cW¥ (rzrzc.xturt_(r
y|p*~bdbd~u¥¨nCvpzcW p1art9yuZyuo£cWxtpzcpzW(rzrzc.xtyuac*ºqMc.xty¨bdcWurp)¥yÅcyu '0).+»« ¢ cgrz_acWuqcPpz.xzy¤Mcgyu
rtc.xtbp0~§y¨u.yac.uArga¥|uac2¯06£cPp)rt_ac+pzvay¨rt¤¥¨c_a~y.c2~§Ia(r+§±~xrz_c9y¨uo£cWxtpzcaxz~¤a¥c.b8« 71~u p³y|qc.x
§±~xy¨u psru.c
u ∈ H1loc(R3 \ σ)
pt(rzy|p³§±nAyua
{








u = ui + us
¯_c.xtc

















yp2.¥¨¥cW´rz_acC§ x  c.¥|°r³rtc.xtuÍ«diu°rz_acd~rt_ac.x2_u 
§±xt~b&rt_acxtc.axtcWpzc.uArtrzy~uTrt_ac.~xzcWb ~§0xayrzyuapz~¥vqrty¨~u´rz~rt_ac!c.¥bd_a~¥¨r#cP{Av(rty¨~u '0)W,+  Íy¨§
Φ(x, y)
qcWua~rtcWp0rt_ac2§±vaubdc.uArt¥pz~¥vqrzy~u8y£cWuyuTqybCcWupzy¨~urt_axtc.c9¤on
Φ(x, y) = exp(ik|x −






















(y) exp(−ikx̂ · y)dy. :G1<






v(x, θ) = exp(iθ · x) «iuac pzc.cPprz_acWxzc.§±~xtcCrz_ac .¥¨~Ap³cd¥y¨uaÅ¤ c.rs¯1cWc.urz_acxtcW.y¨xz~q*y¨rsn´A§±vurty¨~u¥gu§ x cW¥ªr³rtc.xtuÍ«E^0_acTy|qc.uArtyµrsn(:J < ¥|p³~¹y¨u qyW(rtcWpdrt_(rrt_acT§±vau*rzy~u¥
RG.~uArty¨u pbd~xtcTy¨uq§±~xzbrzy~upCrt_u¸rt_acT§ x c.¥|¸r³rzcWxzu uªrz_rZy|p ¯_on?y¨r¥¥~(¯pc*ºqa¥y.yµr
xtcW.~up³rzxtv*rzy~upyuZrt_ac.p³c2~§a¥|uac9.xtÅopW«
hT~xzcW~(£cWx 1y¨u¸rt_ac°.p³cT~§pzW(r³rtc.xty¨u axz~¤a¥c.b  0~uac´Wu bÅc´*¥cWx rz_ac°pzpzvabdqrty¨~upyu
Qc.bdbpq«0)gu a« a«^0_ci*~uqy¨rzy~u
RG 6= 0 _a~¥ap1y¨§ud~ua¥¨ndy¨§$rz_aciy¨u *y|qc.uAr1¯06£c ui yp1p³v _rt_(r
d̂ ·N̂ 6= 0 «Ii¤o£oy¨~vpz¥¨n  yµ§ d̂ ·N̂ = 0 rz_c.u RG = 0 «3eg~(¯  ptpzvabdc RG = 0  (rz_acWu u∞ = 0 urt_ac.xtc*§±~xzc
us = 0








d̂ · N̂ = 0 «¢ ci¯c.xtcua~r¤a¥¨cgrz~"¥¨yuaÅdrz_ciptpzvabdqrzy~u ~§Í¥¨cWbdbdCq«Ô2rt~"pz~bdcg*~uqy¨rzy~u ~urz_ciyu*y|qcWur
¥uac2¯6£c«
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∂nu
± ± ikλ±u± = 0 
 σ /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 8
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¢ cdrzxtcWr9y¨u¹rz_yppzcW*rzy~urz_ac Wpzcd~§h°(ºq¯1cW¥¨¥ p2cW{Av(rty¨~up2¯_acWxzc
σ
xzcWaxzcPp³cWuArtp28pz.xzcWc.uÍ«2¥¥
rt_ac9xtcWpzva¥µrp0~§p³cPrzy~uTd.u¤McqcWxzy£cP yu8C£c.xtnZp³ybdy¨¥|xbuauac.xP« ¢ cac.ua~rzc
































(i) curl curlE − k2E = 0 yu Ω \ σ
(ii) E × N̂ = 0 ~u σ







F ∈ H− 12 (div, ∂Ω) y|prt_acC¤ ~vauaxznTartu n ypirz_c"ua~xzb¥rt~ ∂Ω qyxzcPrzcPTrt~Zrt_acc.ºorzc.xty~x~§
Ω
«3^0_cqy¨xtcW*rLaxt~¤a¥c.b_ pI¤Mc.cWudp³rzv qy¨cPCy¨uR'HG=+¯_acWudyµr).~xtxzcPp³M~uprt~2pzW(r³rtc.xty¨u
xz~¤a¥¨cWb  (yR« c«3rz_c  xtp³rIcW{Av(rty¨~u+yu;:R <y|pIpzrzy|p cP+yu
R
3\σ ¯yµrt_ E×N̂ = 0 ~u σ  E = Ei +Es Ä
Ei






(curlEs × x − ik|x|Es) = 0
vuayµ§±~xzbd¥n y¨uª¥¥0ay¨xtcW*rzy~up
x̂

























RGM(V ) = −
∫
∂Ω
F · (curlV )T ds +
∫
∂Ω
(V × n) · G ds : )P <







2 (curl , ∂Ω)
:Ïrz_ypC*~uA£c.uArzy~u ¯y¥¥1¤McÅc.qrCy¨u?rz_acxzcWbyuay¨u°~§rt_ay|p"pzcW*rzy~uE<*«?5xz~brt_ac
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RGM 6= 0 
 \8lovaa [(curlE)T ]Π = σ̄ 
 $

I  ^0_ac9axt~o~§~§rz_ay|pxtcWpzva¥¨r§±~¥¥¨~(¯prt_ac+ptbdc9¥y¨uacPpgp0rz_ac+axz~o~§ Qc.bdb q«0)« ¢ y¨rz_~vqr¥~ptpi~§)c.uacWxt¥¨y¨rsn~uac+b6n´pzpzvabdcrt_(r
Π = {x ∈ R3 ; x3 = 0}  «"Qc*r E1, E2, E3 ¤McCrz_acWxzrzcPp³y|uT*~bd ~uac.uArtpg~§ « QÍc.r





E+(x1, x2, x3) x ∈ W+,

















¤ c9u8~ cWu.~uauacPrtcWp³va¤ p³c.r~§
W
pzv_Zrt_(r
W0 ∩ σ 6= ∅
u
(W0 ∩ σ) ⊂ σ0
«Tloyu*c
[(curlE)T ]Π = 0
u




curl curl E − k2E = 0 y¨u W0 u  ¥|p³~ [(curl E+)T ]Π = 0
u














[(curl E)T ]Π = 0
~u
σ












(θ, p̂) ∈ C3 × R3  qy¨xtcW*rzy~uq·M~¥|xty0#W(rty¨~u.~vaa¥c! q¯c9qc  uac
V (x; θ, p̂) := p̂ exp(iθ · x) x ∈ R3.
5~x
θ · θ = k2 u  p̂ · θ = 0  V (·; θ, p̂) pt(rtyp'cPph°(ºq¯1cW¥¨¥ p)cP{v (rzy~u purt_ac.xtc*§±~xzc V (·; θ, p̂) ∈
HM(Ω)
« ¢ c¥|p³~d_6£cgrt_(r
curlV (·; θ, p̂) ∈ HM(Ω)
«
() Z½   Á* ½ +, .
[(curl E)T ]Π
« ¢ cptp³vabdc_acWxzc rz_r
Π
y|p9Åoua~(¯u u y|pqc uacW ¤onrz_ac
cP{Av(rty¨~u Y
x · N̂ = γ ¯_c.xtc N̂ ypidvauay¨riua~xzb¥$rz~ Π u γ y|py¨£c.uT*~up³rtuArP« Qc*r ξ ∈ R3  
ξ 6= 0  ξ · N̂ = 0  uqc  uac
θ(ξ) = ξ −
√
k2 − |ξ|2N̂ u p̂(ξ) = N̂ × ξ̂,
¯_c.xtc
ξ̂ = ξ/|ξ| « ^0_acWu¸rz_ac°.~va¥¨c (θ(ξ), p̂(ξ)) pt(rtyp'cWp θ · θ = k2 u p̂ · θ = 0 « loy¨u *c
p̂(ξ) × N̂ = ξ̂  a~uac9qcWav*cPp0§±xz~b : ) )<1rz_ (r






[(curl E)T ]Π · ξ̂
)
exp(iξ · s) ds.
:I)PW<
iurz_c9~rz_c.x_u pzy¨u *c
ξ · N̂ = 0  




(θ(ξ) × p̂(ξ)) × N̂ =
√
k2 − |ξ|2ξ̂ × N̂ u
RGM(curl V (·; θ(ξ), p̂(ξ))) = i
√






[(curl E)T ]Π · (ξ̂ × N̂)
)







ξ ∈ R3  ξ 6= 0 u  ξ · N̂ = 0  Mrz_acdy¨x (ξ̂, ξ̂ × N̂) §±~xtbpiu°~xzrz_~ua~xzb¥¤pzy|pg~§ Π «^0_c.xtc*§±~xtc! oy¨§3~uac9p³c.rtp
A(ξ) = RGM(V (·; θ(ξ), p̂(ξ)))
u B(ξ) = RGM(curlV (·; θ(ξ), p̂(ξ))) :I). <















^0_ypy|qcWurtyµrsnªua~(¯axt~(£Ay|qcPpCrz_acWu¶u c*ºqa¥y|*y¨r xzcP*~u psrtxzv*rzy~u¸~§
[(curlE)T ]Π
¤on?rÅoyua rz_ac













p̂ ∈ S  
Λ(p̂) = sup
θ∈k S; θ⊥p̂
|RG(V (·; θ, p̂))|.
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$  2k 1 
VN
1D$ 
η  0 ≤ η < 2k  F([(curl E)T ]Π) · w
V	
   E 1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  E     ±N̂ 1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 
  Λ 
 

I  ¢ c  xtp³rua~rzy|*crz_r Λ(±N̂) = 0 pzy¨u.c RG(V (·; θ, p̂)) = 0 §±~x8¥¥ θ ⊥ N̂ « eg~(¯pzpzvabdc2rz_c+c*ºqy|psrtc.u.c~§
p̂ ∈ S pzv_8rz_r p̂ 6= ±N̂ u  Λ(p̂) = 0 « 5axt~b:rz_ay|p¯c+qcPqv*c+rz_r
RG(V (·; θ, p̂)) = 0 §±~x¥¥ θ ∈ k S pzv_Zrt_(r θ · p̂ = 0 «^0_c.xtc*§±~xtc! A§±~x¥¥
θ ∈ k S p³v_rz_ (r θ · p̂ = 0  RG(V (·; θ, p̂)) = 0 « !gc.u.c! avpzyua.:)W)<¯c9_6£c




[(curlE)T ]Π exp(ix · ξ)dx
)











2|p̂ · N̂ |k < 2k :Rp³yu.c p̂ 6= ±N̂ <*«LhT~xtc.~(£c.x  E:I)C <
noyc.¥|ap F([(curlE)T ]Π) · w = 0
~u E  a¯_ay|_8*~uArtxtqy*rtp1rz_c9_AnoM~rt_acWpzyp0~§rt_ac9¥c.bdba«








γ = x · N̂ §±~x¥¨¥
x ∈ Π «
 1½    /  	
    
N̂
 	
U.    1 \ 
1 W1  4
F
 \D\
RGM 6= 0 















θ ∈ k S u p̂ ∈ S pzv_Zrt_(r RG(V (·; θ, p̂)) 6= 0 «I^0_acWxzc.§±~xtc! 
[(curl E)T ]Π 6= 0




pz~ F([(curl E)T ]Π)
y|pu¥¨nArty~u
R
2 « !gc.u.c2rz_acWxzc2c.ºoy|p³rtp θ ∈ k S pzv_Zrt_(r
0 < (γ+ − γ−) |θ · N̂ | < π u F([(curl E)T ]Π)(ξ) 6= 0
¯_c.xtc
ξ = θ − (θ · N̂)N̂ «lqy¨u.c F([(curl E)T ]Π)(ξ) 6= 0
 rz_acWxzc9c.ºqyp³rtp
w ∈ R3  w · N̂ = 0 p³v_rt_(r F([(curlE)T ]Π)(ξ) ·
w 6= 0 « ¢ c1rz_acWu"pzc*r p̂ = θ × w‖θ × w‖
«^0_ovp3¯c)_6£c
RG(V (·; θ, p̂)) 6= 0 « ¢ cpzc*r θ′ = ξ−(θ ·N̂ )N̂ «
fip³yua.: ) )<~ucc*rp












RG(V (·; θ, p̂))/RG(V (·; θ′, p̂)).
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^0_c.xtc+xtc+pz~bdcuovabdc.xtyW¥3qy21 .va¥µrty¨cPp¥¨yuaÅcP8¯yµrt_´rt_ac"aa¥yW(rzy~uT~§Irz_ac"y¨uo£c.xp³c+pt_acWbCc"qc*·











yuZxtc.bxzÅq«Ô9y|p)yu § r0cWp³yc.x)rz~d_acWÅduovabdc.xtyW¥¥¨n«lqy¨u.cgrt_ac.xtcgy|p opz~§ x oua~+rz_acW~xtc*rtyW¥M¥¨yuaÅ






































d̂~§rt_ac9y¨u *y|qc.uAra¥|uac2¯06£cyp¯1cW¥¨¥Í_a~Ap³cWuÍ«¬­u8xzrzy|*va¥|x  ArtÅcrz_ay|pqyxtcWrty¨~upz~Crz_r
0 < |d̂ · N̂ | < π/k(γ+ − γ−).
^0_c.u
θ = kd̂









RG(v(·, θ)) 6= 0 pzy¨u.c u∞ 6= 0 : d̂ · N̂ 6= 0 <«^0_acWxzc.§±~xtc θ = kd̂ pt(rtyp'cWprz_ac.~uayµrty¨~u?:UW<«
Qc*rvp0ua~rzy|*crz_ry¨uaxrty.ciy¨ry|p1bd~xzc2*~uA£c.uayc.uArrz~_uacgrz_ac2§±xtcW{AvacWu*n uZu~r0rz_ac
yu.yqcWuArqyxtcWrty¨~uÍ« 2gp3bdc.uArzy~uacP¤Mc*§±~xzc  (uAvbCcWxzy|.¥oc*ºq cWxzybdc.uArtppz_a~(¯cW2rt_(r





k < π/(γ+ − γ−) rt_ac.u uon θ ua~u~x³rt_a~~u¥rt~
N̂
¯~v¥¤ c.~uo£cWuayc.uArW«











v(·, θ(ξ)) ¯yµrt_*~bda¥¨c.º¹£(¥¨vacP £cPrt~xp θ(ξ) «^0_acuAvbCcWxzy|.¥cW£(¥v(rty¨~u~§




rtxzvu.rzy~u ~§rt_ac85~vaxtyc.xrtxtup³§±~xtbk¤on c.£(¥v(rty¨u F([u]
Π
)





  .   
¬­uEy¨bda¥c.bdc.uArty¨uaªu y|qc.uArty+ W(rty¨~uE¥~xzy¨rz_ab ¤pzcW¸~u¶bdcWp³vaxtc.bdcWur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(90◦, 0◦) (0.5657 10−3,−0.9134 10−3, 0.9999994)t −0.002 10−4
(60◦, 60◦) (0.5657 10−3,−0.9134 10−3, 0.9999994)t −0.069 10−4







































: c.£(¥v(rtcW£oy"rt_acÃ §±vau*rzy~u¥O<xtcWp³rzxty|rzcP rt~drz_acaypt~§xay¨vp
k
«
^~ZrtcWp³rirt_acCc 1 *yc.u.n8~§)~vaxgyuo£c.xpzy¨~uTaxz~q.cWptp  \¯c+c*ºabCyuac+§±~vaxuovabdc.xtyW¥p³y¨rzvrzy~upgrz~
xtcW.~(£cWxu g·»pz_ cP  3T©·­pz_McW u ´§±~vax+pt{v xtcWpa¥|ux*xÅqp2p2¯c.¥¥)p9u g·»pz_ cP
{Avp³y¨·»a¥ux .xtÅ\«^0_acWpzc°_a~y.cWpyu*¥vqc¹ ua~u¶*~uauacW*rzcP¸c.~bdc*rzxtn¸u  u~uEpzy¨bda¥n
.~uaucWrtcWZ~uac« ¢ c2¯1~va¥ ¥¨yÅcirz~Cbdc.uArzy~uZrz_r ovarz~C~vaxÅoua~(¯¥¨cPqc  rt_ac.xtcypua~"vauay|{vc.uacPpzp
xtcWpzva¥¨r·»c*ºa*cWqrrz_c~uac+y£c.u8yuTrz_ypi¯1~xzÅA·I§±~xrz_c+.p³c~§Lp³~vauo·»_xua~u´pzybC¥¨n8*~uauacW*rzcP
.xtÅqp.«
ivax xpsr3uAvbCcWxzy|.¥c.ºoMc.xtybCcWuAr*~xzxtcWpz ~uap\rt~iu ·­p³_ cP*xÅV: pzc.c 5yvxzc) <« 5yvxzcL
y¥¥¨vp³rzx(rtcWp+rz_acxzcP*~upsrtxzv rzy~u p~¤artyuacP §±~xC£(xty¨~vp¯06£c uovab"¤ cWxtp"¯_acWu rz_c_a~ApsrCa¥|uacyp





53yvaxtcWp6·4J9axtcWpzc.uAr)c*ºqMc.xty¨bdcWurpL¯_acWxzcrz_ac_a~p³r)a¥|ucgy|p)¥|pz~vauaÅoua~(¯uÍ«¬­u  xtp³r1p³rzcW ¯1c

























p³rzcWTypib+v _TbC~xzcpzc.u p³y¨rzy£c9rt~ZqcWTu~y|p³cpgpz_a~(¯uTy¨u353yvaxtcWp GW·4Jq«g^0_ac+ptbdc+.~u.¥¨v p³y~up
_~¥| §±~x0rz_ac©g·»pz_ cP.xtÅ3:53y¨vaxtcWp  )P  ) )2u )P1<0p0¯1cW¥¨¥Íp§±~x0rz_c2§±~vaxpt{AvxtcWp0*xÅ


































































































































































































 TÁ , 1½  ½   $ ¾ qi (a   « ¢ c0xtcW.~upzyac.x3_ac.xtcrz_ac.p³c~§\u  ·­p³_ McW+.xtÅu+¯1~va¥|














N̂ = (−3.1075500 10−2, 3.2554988 10−2, 0.9989867)tu 8 ~Ap³y¨rzy~u
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